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Understanding sedimentary preservation underpins our ability to interpret the ancient sedimentary record and
reconstruct paleoenvironments and paleoclimates. Dune sets are ubiquitous in preserved river deposits and are
typically interpreted based on amodel that describes the recurrence of erosion in a vertical sequence, butwithout
considering spatial variability. However, spatial variability in ﬂow and sediment transport will change the recur-
rence of erosion, and therefore dune preservation. In order to better understand the limits of these interpreta-
tions and outline the causes of potential variability in preservation potential, this paper reviews existing work
and presents new observations of an extreme end-member of dune preservation: ‘form-sets’, formed by dunes
in which both stoss- and lee-slopes are preserved intact. These form-sets do not conform to models that are
based on the recurrence of erosion, since erosion does not recur in their case, and can therefore be used to eval-
uate the assumptions that underpin sedimentary preservation.
NewGround Penetrating Radar data from theRío Paraná, Argentina, showduneﬁelds that are buried intactwith-
in larger scale barforms. These trains of form-sets are up to 300 m in length, are restricted to unit-bar troughs in
the upper 5 m of the channel deposits, occur in N5% of themid-channel bar deposits, show reactivation surfaces,
occur in multiple levels, and match the size of average-ﬂow dunes. A review of published accounts of form-sets
highlights a diversity of processes that can be envisaged for their formation: i) abandonment after extreme
ﬂoods, ii) slow burial of abandoned dune forms by cohesive clay in sheltered bar troughs and meander-neck
cut-offs, iii) fast burial by mass-movement processes, and iv) climbing of dune sets due to local dominance of
deposition over dune migration.
Analysis of these new and published accounts of form-sets and their burial processes highlights that form-sets
need not be indicative of extremeﬂoods. Instead, form-sets are closely associatedwith surrounding geomorphol-
ogy such as river banks, meander-neck cut-offs, and bars because this larger-scale context controls the local sed-
iment budget and the nature of recurrence of erosion. Locally enhanced preservation by the ‘extreme’ dominance
of deposition is further promoted by ﬁner grain sizes and prolonged changes in ﬂow stage. Such conditions are
characteristic, although not exclusive, of large lowland rivers such as the Río Paraná. The spatial control on
dune preservation is critical: although at-a-point models adequately describe near-horizontal sets of freely
migrating dunes in uniform ﬂows, they are unsuitable for inclined dune co-sets and other cases where multiple
scales of bedforms interact. Spatial and temporal variations in ﬂow and sediment transport between the thalweg
and different positions on larger bar-forms can change the preservation potential of duneswithin river channels.
Therefore, dune set thickness distributions are likely grouped in larger-scale units that reﬂect both formative
dune geometries and bar-scale variations in preservation potential. The multi-scale dynamics of preservation
highlighted herein also provides a useful comparison for other sedimentary systems.
© 2015 Published by Elsevier B.V.
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1. Introduction
Our understanding of bedform preservation underpins many inter-
pretations of sedimentary deposits. Dunes and their preserved deposits
provide fundamental information on formative environmental condi-
tions of ﬂuvial, estuarine and marine deposits, within which they are
abundant (Allen, 1982; Van Rijn, 1990; Van den Berg and Van Gelder,
1993). The grain size sorting within preserved dune deposits controls
permeability and porosity, and therefore heterogeneity within aqui-
fers and hydrocarbon reservoirs (Weber, 1982; Brayshaw et al., 1996;
Tidwell and Wilson, 2000; Huysmans and Dassargues, 2010). The
scale of subaqueous dunes lends itself to 1:1 scale experimental analysis
of preservation processes within timescales that are realistic for
process-product studies (Bridge, 1997, 2003). Such experimental stud-
ies have led to the development of a single, dominantmodel of bedform
preservation in unidirectional, uniform ﬂows. This model describes the
formation of sedimentary beds by recurrence of scour in a vertical col-
umn (Fig. 1A; Barrell, 1917; Kolmogorov, 1951) and assumes that the
amount of truncation by later erosion is predictable because bedforms
occur in predictable size-distributions and, as a consequence, pre-
serve set thicknesses can be used to infer formative bedform heights
(Kolmogorov, 1951; Paola and Borgman, 1991; Bridge and Best, 1997;
Leclair and Bridge, 2001). However, systematic application of this ‘vari-
ability-dominated’ model typically indicates that this model of dune
preservation is not universally applicable (e.g. Jerolmack and Mohrig,
2005; Leclair, 2011; Reesink and Bridge, 2011; Holbrook and Wanas,
2014). Consequently, the stratigraphic completeness of ﬂuvial deposits
remains inadequately understood, and the accuracy of paleoenviron-
mental interpretations that use preserved dune sets may require modi-
ﬁcation. The present paper thus investigates under what conditions the
current quantitativemodel is applicable, and underwhat conditions it is
invalid or in need of modiﬁcation.
In order to achieve this goal, the paper ﬁrst reviews the theory of
bedform preservation and the fundamental processes it describes. We
then present new observations of extreme dune preservation from the
Río Paraná, Argentina, that do not conform to the recurrence-of-scour
model. These dune deposits comprise both their stoss- and lee-slopes
and are herein referred to as ‘intact’ forms, or ‘form-sets’ (cf. Imbrie
and Buchanan, 1965).We discuss these observations within the context
of diverse accounts of dune form-sets. The absence of erosive truncation
after deposition illustrates processes and variables that can modify and
potentially dominate dunepreservation. Based on this analysis andpub-
lished accounts of dunes that are preserved intact, some preliminary
constraints are presented beyond which the current at-a-point preser-
vation models should not be used for quantitative interpretations. The
analysis indicates potential opportunities for a hierarchical approach
to dune-set interpretation inwhich the dune sets are grouped according
to formative conditions and position within an alluvial channel.
2. Theory
Cross-stratiﬁed sets (or beds) are the depositional units formed by the
migration of bedforms, and generally consist of a thin, low-angle sub-
unit at the base (bottomset) followed by a cross-stratiﬁed layer formed
on the lee slope of the bedform (foreset) (Kleinhans, 2004; Reesink
and Bridge, 2007, 2009). In the case of (near-) intact preservation, a
thin low-angle subunit may be preserved that was formed on the
stoss slope of the bedform (topset; cf. Boersma, 1967). Each cross-
stratiﬁed set is associated with a single bedform (e.g. dune, unit bar),
and a stack of inclined sets that form a larger-scale compound group is
known as a co-set (McKee andWeir, 1953). The association of preserved
sets with their formative dunes, and of dunes with their formative ﬂow,
relies on understanding both dune morphodynamics and processes of
sedimentary preservation (Allen, 1982; Bridge, 2003; Collinson et al.,
2006). Bedforms and their preserved sets are known to be associated
with a certain range of ﬂow conditions and grain sizes (their ‘phase’ or
‘stability’ space) (e.g. Allen, 1982; Southard and Boguchwal, 1990; Van
Rijn, 1990; Van den Berg and Van Gelder, 1993; Wan and Wang,
1994; Best, 1996; Schindler et al., 2015). Interpretations of bedform
types can therefore be used to constrain formative ﬂow conditions. In
addition, the mean direction of the dip of cross-strata and the elonga-
tion and shape of dune troughs can also be used to indicate formative
ﬂow directions (Slingerland and Williams, 1979; Allen, 1982; DeCelles
et al., 1983; Miall, 1996; Bridge, 2003), unless sediment transport is
driven by strong lateral velocity gradients. Maximum equilibrium
dune heights and scour depths are commonly related to water depth
in steady uniform ﬂows (Jackson, 1975; Yalin, 1964; Southard and
Boguchwal, 1990; Ashley, 1990; Allen, 1982; Van Rijn, 1990; Best,
2005). This relationship is further evidenced by the growth and decay
of dunes during ﬂoods, but also further complicated because the lagged
development of dunes commonly results in a distinct hysteresis in dune
size, bed roughness and sediment transport (e.g. Julien and Klaassen,
1995; Wilbers and Ten Brinke, 2003; Kleinhans et al., 2007). The corre-
lation between ﬂow depth and dune height in natural rivers also varies
with grain-size sorting, sediment suspension, supply limitation, bed co-
hesion, and by acceleration–deceleration and secondary currents gener-
ated by bar-scale topography (e.g. Wan and Wang, 1994; Nittrouer
et al., 2008; Sambrook Smith et al., 2009; Tuijnder et al., 2009; Leclair,
2011; Claude et al., 2012; Baas et al., 2013; Rodrigues et al., 2014;
Schindler et al., 2015). Dune geometries inmarine settings also typically
indicate that water depth is commonly less important than sediment
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availability and shear stress distributions (Bartholdy et al., 2005;
Hulscher and Dohmen-Janssen, 2005; Parsons and Best, 2013).
Whereas an increasing body of research is devoted to associations
between dune forms and their environmental boundary conditions,
comparatively little attention has been given to the processes that con-
trol the formation and preservation of sets. The geometric parameters of
preserved dune sets, such as their height, width, and length, tend to
scale to those of their formative bedforms, with both bedform and set
dimensions typically resembling either a gamma or a logarithmic distri-
bution (Paola and Borgman, 1991; Drummond and Wilkinson, 1996;
Drummond and Coates, 2000; Leclair, 2002; Longhitano and Nemec,
2005). Because dune migration rate is inversely proportional to their
size for any given bedload transport rate (Van den Berg, 1987), the
skewness of bedform size distributions implies that smaller, faster-
moving, dunes regularly become superimposed on larger, slower-
moving bedforms (Bridge, 2003; Martin and Jerolmack, 2013; Fig. 1A).
The sets that are created by the largest dunes with the deepest scours
are therefore more likely affected by superimposed bedforms (Reesink
and Bridge, 2007, 2009). Horizontal sets formed by distributions of
bedforms are therefore also characteristically truncated at their top,
and represent punctuated records with a limited stratigraphic com-
pleteness (e.g. Sadler, 1981; Allen, 1982; Rubin, 1987; Bridge, 2003;
Collinson et al., 2006; Sadler and Jerolmack, 2014; Mahon et al., 2015).
Although most sets are truncated at their top by later erosion, some,
known as form-sets, retain the shape of their formative bedform, includ-
ing deposits of the stoss and lee slopes (Imbrie and Buchanan, 1965).
Similar to ripple form-sets (Allen, 1970, 1982), dune form-sets can de-
velop under conditions where dunes continue to migrate, maintaining
their shape, but where no net erosion occurs because deposition domi-
nates over erosion (Fig. 1B). The ratio of deposition (ms−1) tomigration
Fig. 1. Illustrations of fundamental processes that control the preservation of dune sets: A) the role of bedform scour variability; B) the role of aggradation as a control on preserved set
thickness; C) dune development during a ﬂood wave and its effect on dune preservation (after Kleinhans, 2002); D) decrease in bedform height (and set thickness) as dunes migrate
down larger-scale lee slopes (e.g. Rubin and Hunter, 1982); E) schematic diagram of conservation of mass in bedform migration.
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(ms−1) describes the angle at which the set develops during migration
relative to the original bed surface, which is termed bedform climbing.
The term climbing is used herein to describe the motion of the set rela-
tive to the original bed surface due to aggradation (Fig. 1B) and is inde-
pendent of the slope of the host surface along which the bedform
migrates. Depending on the relative magnitude of deposition and mi-
gration, climbing sets may have erosional stoss slopes (stoss-
erosional), or can be form-sets (stoss-depositional, cf. Rubin and
Hunter, 1982). Climbing form-sets are assumed to represent continuous
depositional records, with changes in the angle-of-climb often being re-
lated to the formative ﬂow and sediment transport history (Sorby,
1859; Jopling and Walker, 1968; Allen, 1970, 1971a, 1971b, 1973). Al-
though some guidelines for the interpretation of climbing ripple sets
have been established empirically (e.g. Bouma et al., 1962; Ashley
et al., 1982; Arnott and Hand, 1989; Bristow, 1993a), the difﬁculty
often apparent in any analysis of set-climbing is to determine the rela-
tive magnitudes of bedform migration and aggradation within a larger
geomorphological and ﬂow discharge context (Jopling, 1961; Kneller,
1995). This is especially the case in areas affected by secondary currents
that are generated by larger-scale geomorphology, where bedform
migration and overall aggradation may not be correlated linearly
(Reesink et al., 2014b; Herbert et al., 2015). Migration of a bedform
along a downstream-dipping host surface is termed down-climbing
when the sets experience increased aggradation relative to the inclined
bed surface over which they are migrating (Allen, 1982; Bridge, 2003;
Reesink and Bridge, 2009, 2011). Stoss-erosional down-climbing sets
are commonly found in co-sets that are formed by consecutive
bedforms migrating over a low-angle bar-scale slope (e.g. Haszeldine,
1982). Because of their consecutive formation, trends in thickness and
sorting between successive sets provide evidence of short-term forma-
tive conditions (Rubin and Hunter, 1982). Both form-sets that are
completely preserved and form-sets that show continued migration,
such as climbing and down-climbing sets, indicate the absence of later
erosion. Such absence of erosion thus violates the basic assumptions
that underpin models that are based on distributions of variable scour
depths (Kolmogorov, 1951; Paola and Borgman, 1991). It is therefore
clear that models based on variability in scour depth are not universally
applicable, and that the controls on the preservation of dune sets need
to be better constrained.
2.1. The ‘variability-dominated’ preservation paradigm
The concepts of recurrence-of-scour, progressive erosion after depo-
sition, the punctuation of the sedimentary record, and stratigraphic
(in)completeness, are largely scale-independent.Where short-termde-
position rates exceed those of long-term accumulation, vertical se-
quences of sediment are necessarily incomplete and composed of
short records that are broken up by hiatuses (Sadler, 1981). These hia-
tuses within sedimentary sequences can represent periods of stasis,
during which no deposition occurs (Tipper, 2014), or recurrence of ero-
sional scour with variable depths (Fig. 1A, Barrell, 1917; Kolmogorov,
1951). The recognition of the importance of the variability in, and recur-
rence of, erosive scour is ﬁrmly embedded in geological thinking (e.g.
Ager, 1973, 1976; Miall, 2014). Over the last century, the ‘variability-
dominated’ model has become a paradigm in sedimentary geology, in
part because it provides an explanation of how the geological record is
punctuated and how depositional units are formed by variable scour
over time in areas with no, or negligible, net deposition. In addition,
the variability in bedform scour has been shown to be the dominant
control on bedform preservation for a considerable range of bedform
types and uniform ﬂow conditions (Bridge, 2003). Variations of this
variability-dominated model have been experimentally tested for rip-
ples (Storms et al., 1999), dunes (Leclair and Bridge, 2001), upper-
stage plane beds (Bridge and Best, 1997), antidunes (Alexander et al.,
2001), and bar-scale bedforms (Bridge and Lunt, 2006; Lageweg et al.,
2013). This systematic experimental veriﬁcation and the practical
nature of the variability-dominated model have also caused it to be-
come ﬁrmly embedded in much further research (e.g. Lunt et al.,
2004, 2013; Gibling, 2006; Fielding, 2007; Sambrook Smith et al.,
2009), even though alternative models for the interpretation of forma-
tive bedform heights are available (Rubin and Hunter, 1982; Kleinhans,
2001, 2002; Blom and Kleinhans, 2008; Reesink and Bridge, 2007;
Reesink et al., 2014b). However, the existence of form-sets, and system-
atic applications of the variability-dominated model, indicate that this
model is not universally applicable (Jerolmack and Mohrig, 2005;
Leclair, 2011; Holbrook and Wanas, 2014). Importantly, the use of a
channel-wide average value to represent vertical aggradation (Bridge,
1997) inherently assumes internal homogeneity within the channel.
This use of temporal and spatial limits and resolution makes it simpler
to justify the principles of conservation of mass that underpin the
variability-dominated model (Fig. 1E). However, the combination of
meter-scale deposition from dunes over the course of hours, togeth-
er with kilometer-scale and multi-year bar and channel migration
rates, skips several intermediary scales. For dunes, these intermedi-
ary scales include deposition and erosion at the spatial scales of
bars and bends and the time-scales of ﬂoods, which easily span sev-
eral orders of magnitude (Lane et al., 2010; Brasington et al., 2000;
Lewin and Macklin, 2003). The present paper speciﬁcally addresses
the issue of such multi-scale dynamics on bedform preservation.
2.1.1. The ‘variability-dominated’ bedform preservation model
In the ‘variability -dominated’ bedform preservation model, the
bases of preserved sets are formed by the deepest scours, which are as-
sociatedwith the largest bedforms, and set thickness is given by the dif-
ference between the deepest and second-deepest scour (Fig. 1A). Thus,
the thickness of sets is a function of the slope of the large-value tail of
the bedform thickness distribution, which describes the natural vari-
ability in bedform heights. This relation can be expressed as:
s ¼ γ  β ð1Þ
in which s is set thickness (m), γ is a constant that describes the re-
lation between the bedform height and trough scour depth, and β rep-
resents the variability in bedform height (Bridge, 1997). The value of γ
varies between bedforms because the processes and depths of scour
vary between bedform types (Bridge, 1997; Bridge and Best, 1997;
Alexander et al., 2001; Bridge and Lunt, 2006). β describes the variabil-
ity in scour depth, as a functionof bedformheight, and can bederived by
ﬁtting a curve to the tail of the probability density function of bedform
heights (cf. Bridge and Lunt, 2006). The angle-of-climb of the bedform
is added to the thickness associated with the difference in scour depth
to account for the overall aggradation (Fig. 1B), and expressed by:
s ¼ γ  βþ L  r=c ð2Þ
in which L is the bedform length (m), r is the ﬂux of sediment to the
bed (m s−1), and c is the celerity of the bedform along the bed (m s−1).
Rates of erosion and deposition associatedwith bedformmigration typ-
ically exceed rates of river channelmigration and aggradation by several
orders ofmagnitude (Sadler, 1981; Bridge, 1997; Brasington et al., 2000;
Lewin and Macklin, 2003; Lane et al., 2010; Williams et al., 2013). This
lends support to a model in which the variability in the recurrence of
erosion by bedforms dominates sedimentary preservation. Aggrada-
tional and non-aggradational experiments on dunes (Leclair et al.,
1997; Leclair and Bridge, 2001; Leclair, 2002, 2006) show that the
angle-of-climb (L*r/c) is negligible for a considerable range of ﬂow con-
ditions because dune celerities (c) are high relative to aggradation rates
(r). When the angle-of-climb is small, set thickness is controlled by var-
iability in bedform height and dune sets can be assumed to be approxi-
mately a third of the thickest formative dunes (0.28–0.45; cf. Leclair and
Bridge, 2001). It is important to note that interpretations based on a sin-
gle preservation ratio inherently assume that a limited number of
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preserved dune sets can be used to represent the large-value end of an
entire dune population. Numerical simulations suggest that an increase
in vertical aggradationmay change this preservation ratio (cf. Jerolmack
and Mohrig, 2005). Any such increase in sediment deposition is limited
in its spatial extent, because the sediment transport gradients that drive
deposition are dictated by the conservation of mass (Paola and Voller,
2015; Mahon et al., 2015; Fig. 1E). However, the variability in preserva-
tion that is a logical consequence of bar-scale gradients in sediment
transport (Szupiany et al., 2012) remains largely unknown. Experi-
ments with ripples (Storms et al., 1999) and dunes (Leclair, 2002,
p. 1159) indicate that high rates of upstream sediment feed cause the
development of a bar-scale bedform over which smaller bedforms mi-
grate (Fig. 1D). In order to apply Eq. (2), it is assumed that i) the bed
level is static; ii) the dune population is large and stable; iii) scour is a
stable function of bedform size; iv) values of bedform celerity are sufﬁ-
ciently large, and v) deposition rates are sufﬁciently low. However, it is
well-known that there are a number of naturally occurring situations in
which one or more of these assumptions are invalid. Such conﬂicting
observations are analysed herein.
3. Results
3.1. Dune form-sets revealed by Ground Penetrating Radar,
Río Paraná, Argentina
Anewanalysis of N40 kmof Ground-Penetrating Radar surveys from
mid-channel bars in the Río Paraná, Argentina (Reesink et al., 2014a),
indicates that the intact preservation of dunes may be more common
than reported in previous work (Ghienne et al., 2010). The methods
for the collection and processing of the GPR images used herein are de-
scribed in detail by Sambrook Smith et al. (2009) and Reesink et al.
(2014a). Form-sets can be observed in GPR images if sufﬁcient contrast
in electromagnetic properties exist between sediment layers, if the
radar is not attenuated or scattered by the overlying sediment, and pro-
vided that the forms are sufﬁciently large relative to the GPR resolution,
which is in the order of 0.1–0.2 m for 100 MHz antennae depending on
the subsurface velocity (Cagnoli and Ulrych, 2001a; Cagnoli and Ulrych,
2001b).
Systematic delineation of form-sets in the GPR images indicates that
dune form-sets are common in the deposits of mid-channel bars in the
Río Paraná (Fig. 2; Sambrook Smith et al., 2009; Reesink et al., 2014a).
The GPR lines in Fig. 2 are from different bars in the area of the conﬂu-
ence of the Río Paraná and Río Paraguay to 50 km upstream near the
city of Itati. In a conservative interpretation, dune form-sets are identi-
ﬁable in ~5% of the GPR survey, and in 5 of the 9 bars, surveyed
upstream of the inﬂuence of the inﬂux of ﬁne sediment from the Río
Paraguay (Reesink et al., 2014a). This interpretation excludes isolated
asymmetrical reﬂections because asymmetrical mounds and scours
are easily misinterpreted as ‘dune-shaped’. The lengths of trains of
dune form-sets identiﬁed in the GPR panels are in the order of 50–
300 m, which matches the size of bar-top hollows (Best et al., 2006)
and wake zones in the lee of bars (Bridge, 2003) in the Río Paraná.
The GPR reﬂections of many of the dune form-sets can be traced to an
upstream bar margin, or are overlain by a distinct unit-bar deposit
(Fig. 2, red lines). Some form-sets can be traced to upstream-dipping
reﬂections that are associated with climbing, or down-climbing, struc-
tures (Fig. 2, labels Cl, Dc; Allen, 1982; Rubin, 1987). The limited hori-
zontal resolution of the GPR (±0.1 m) prevents distinction between
the stoss-erosional or stoss-depositional character of these sets. More-
over, stoss-erosional and stoss-depositional sets typically grade into
one another (Allen, 1970, 1982; Ghienne et al., 2010). However, the
limited thickness of the ‘form-set tails’ suggests that a stoss-erosional
character of climbing sets is more prevalent. In some cases, multiple
dune-ﬁelds are preserved on top of one another (Fig. 2, label S),whereas
Fig. 2. Examples of form-sets in GPR images from the Río Paraná, Argentina, with interpretative line diagrams below each GPR panel. All proﬁles are oriented in the downstream direction.
The red lines indicate the overlying bar deposits, while the black lines indicate bar trough deposits that include the dune form-sets. Cl denotes climbing sets, formed in cases where dune
migration was low compared to the vertical aggradation. Dc denotes down-climbing sets formed in cases where dunes migrate down a larger-scale lee slope. R denotes reactivated form-
sets, and S denotes superimposed dune ﬁelds, both of which imply multiple periods of activity of the dune form-sets.
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in other cases, form-sets appear to have been remobilized without sig-
niﬁcant erosion of the original form (Fig. 2, label R). Sediment cores
taken with a Van-der-Staay suction corer indicate that the overlying
sediment is not consistently composed of cohesive clay (D50 of bar
trough ﬁnes typically 60–150 μm), which is further corroborated by
the ability of the GPR to image structures below the form-sets (Fig. 2).
The heights of the dunes identiﬁed in the GPR images compare well
with dune heights measured from echo-sounder data collected in
April 2008 in near-average ﬂow conditions (Fig. 3; discharge at Itati
gauge ~11 500 m3 s−1). Thus, the form-sets are neither signiﬁcantly
larger, nor smaller, than dunes formed in average ﬂow conditions. The
lengths of the dune form-sets themselves are likely to be exaggerated
in the two-dimensional GPR proﬁles, butmeasured lengths are between
5 and 50 m. This is in reasonable agreement with height-length ratios
below 0.06 described in the literature (Bridge, 2003) and matches
other observations from bathymetric surveys undertaken nearby in
the Río Paraná (Parsons et al., 2005). No form-sets were found deeper
than 5 m below the exposed bar-tops, even though the GPR reﬂections
are visible beyond this depth. Thus, these intact dune form-sets appear
to be characteristic of the upper parts ofmid-channel bar deposits in the
Río Paraná and are not characteristic of the deeper parts of the channel
and thalweg.
3.1.1. Interpretation of the GPR form-sets
The stacking of multiple preserved dune ﬁelds in a vertical sequence
suggests that multiple events are involved. The match between the di-
mensions of the preserved dune ﬁelds and measured dune heights in
a near-average ﬂow also indicates that the preserved dunes are unlikely
formed during singular, extreme ﬂoods, during which the largest dunes
may grow to 6.5 m in height in the Río Paraná (Amsler and Garcia,
1997). All form-sets are found in the upper part of the channel deposits
even though GPR reﬂections are visible well below the lowest form-set.
The elevated location of the dune form-sets, and their association with
bar deposits, suggest that form-sets may occur in the sheltered, non-
uniform, ﬂow zones in the lee of bars. No form-sets were found pre-
served in the deposit of the channel thalweg, where ﬂow is perennial
and more uniform. Instead, the abandonment and burial of dune ﬁelds
and local climbing of dune sets is restricted to the upper 5 m of bar de-
posits that exceed 10 m in thickness because the depth of the thalweg
nearby varies between 10 and 40 m (Parsons et al., 2005; Sambrook
Smith et al., 2009; Reesink et al., 2014a, 2014b). The restricted occur-
rence of form-sets also appears likely, because bar top and bar lee re-
gions can be expected to experience the largest temporal and spatial
changes in ﬂow velocity and direction when ﬂow is routed differently
over and around the bars in response to changing stage levels (Bridge,
1993, 2003; Ashworth, 1996; Darby and Delbono, 2002; Miall, 1996;
McLelland et al., 1999). The proportion of the deposits within which
form-sets are found also matches the observations of Ashworth
(1996) for the onset of signiﬁcant steering of the ﬂow around bars
once bar height exceeds c. 55% of the thalweg depth. In addition to sig-
niﬁcant changes in ﬂow, the burial of dunes in bar lee regions also re-
quires sufﬁcient sedimentation from suspension without re-initiating
periods of bedload transport. The Río Paraná experiences large
and prolonged changes in ﬂow stage, which explains both rapid
Fig. 2 (continued).
Fig. 3. A comparison of the heights of active dunes (Río Paraná near Corrientes) plotted
against ﬂow depth relative to the water surface during a near-average ﬂow, and
thicknesses of all form-sets identiﬁed in the GPR images with respect to the height of
the bar surface. Error bars are standard deviation around means calculated per half
meter depth interval.
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abandonment of dunes and the persistence of slow burial by ﬁne-
grained sediment.
4. Discussion
4.1. Abandoned and buried dune form-sets
Although there are few published examples of dune form-sets, the
existing accounts indicate that intact preservation occurs through
different mechanisms and for a diverse range of boundary conditions
(Rust and Jones, 1987; Turner and Monro, 1987; Carling, 1996;
Sambrook Smith et al., 2009; Ghienne et al., 2010; Martinius and Van
den Berg, 2011). Two key controls on intact preservation of dunes are
their abandonment and burial. Abandonment of dunes occurs when
bedload transport ceases. Abandoned dunes exposed on bars are
common in many river systems and easily found in aerial imagery
(Fig. 4A-C; Collinson, 1970; Allen, 1982; Bristow, 1993a; Miall, 1996;
Bridge, 2003). Large spatio-temporal changes in ﬂow occur across bar-
scale morphology in response to overall changes in discharge, and
these spatial changes across bars are known to differ in their relative
and absolute magnitude from those in the thalweg (Bridge, 1993,
2003; Ashworth, 1996; McLelland et al., 1999). Large absolute changes
in ﬂow depth and velocity are conducive to dune abandonment,
which is illustrated by dunes that are exposed on bar surfaces (Fig. 4),
by the GPR data from the Río Paraná (Fig. 2), and by the existence of
large abandoned dune forms that are associated with Pleistocene
megaﬂoods (e.g. Carling, 1996; Carling et al., 2002). Furthermore, ﬂoods
propagate through river channels as waves, such that the largest water-
surface slopes occur during the rising stages of ﬂoods and the smallest
water-surface slopes occur during the waning stage (e.g. Van Rijn,
1990; Reesink et al., 2013). The bed shear stress that drives sediment
transport is a product of water depth, water-surface slope and turbu-
lence (Bridge, 2003). Abandonment of peak-ﬂood dunes may be pro-
moted by decreased bed shear stresses during the waning ﬂood stage
in cases where the ﬂood-wave slope is large relative to the mean bed
slope. It follows that dune abandonment is likely to differ between shal-
low and steep upland rivers (abandonment likely dominated by chang-
es in ﬂow depth), deep and low-gradient lowland rivers (a decrease in
bed slope may promote abandonment), and tidal systems (where ﬂow
is driven by the slope of the tidal wave). These kinds of spatial and tem-
poral variations in hydrological controls remain poorly understood and
require further systematic research. Abandoned and exposed dunes are
a surﬁcial feature, such that their occurrence can be interpreted as a
state of prolonged ‘stasis’ (Tipper, 2014). Nonetheless, abandoned
megaﬂood dunes are known to persist in the landscape over geological
timescales (e.g. Carling, 1996; Carling et al., 2002). As such, megaﬂood
dunes are a good example of the natural variability in the durations of
sustained (comparatively) low ﬂow episodes that follow formative
ﬂoods.
Buried form-sets provide evidence that abandoned dunes can be
preserved within ﬂuvial and estuarine deposits. Martinius and Van
den Berg (2011; Fig. 5A) show an example of a bedform that was buried
rapidly by a faintly-laminated deposit generated by a breach failure
composed of ﬁne sand. Rapid burial by such a mass-movement process
relies on the presence of an unstable channel bank (Van den Berg et al.,
2002) to locally and temporally increase the sediment load settling from
suspension, and does not necessarily require the dunes to be inactive at
the time of burial. In addition to such rapid burial, alluvial bedforms are
also known to be buried slowly under ﬁne-grained sediment with low
settling velocities, such as may occur following their abandonment in
oxbow-lakes, bar troughs, levees and on ﬂoodplains (Figs. 5B; 2; Rust
and Jones, 1987). Sambrook Smith et al. (2009) present an example of
intact dunes within mid-channel bars, similar to those in Fig. 2, which
they attribute to abandonment of dunes followed by burial under cohe-
sive clay that prevents the later recurrence of erosion. Such slow burial
by clay indicates that deposition from suspension can continue even
though bed-load transport has ceased. The continuation of sediment
transport and burial will depend on the shape and nature of the
hydrograph, such as magnitude of the recession- and base-ﬂow of a
river, which may be large and long-lived in lowland rivers like the Río
Fig. 4. Examples of abandoned dunes. A) Aerial photographs of abandoned dune ﬁelds in areas sheltered by bars, South Saskatchewan River, Canada. B and C) Abandoned dunes on mid-
channel bars, Río Paraná, Argentina.
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Paraná (Ashworth and Lewin, 2012; Plink-Björklund, 2015), but negligi-
ble or zero and of short duration in smaller rivers with ﬂashier
hydrographs. In addition, the potential for burial by ﬁne-grained sedi-
ment is larger when suspended sediment concentrations are high.
High rates of deposition may be common locally in sheltered areas,
such as bar troughs (Fig. 2) and abandoned meander bends (Fig. 5B).
Settling of sediment from suspension can also be temporally high,
such as during the waning stages of ﬂoods (Bristow, 1987; Alexander
and Fielding, 1997; Bridge, 2003; Fielding, 2006; Sambrook Smith
et al., in press). Further systematic research is required to fully
Fig. 5. Examples of form-sets. A) Lacquer peels of a preserved dune deposits within a river channel that are buried underneath turbidite deposits that originated from a channel bank
breach failure (see Martinius and Van den Berg, 2011; their Fig. 3.5.8). B) Form-sets preserved under ﬁne-grained deposits in an Oxbow lake that was abandoned suddenly. Flow right
to left. Mid-Pleistocene deposits near Brüggen, Germany. Height of the dunes is approximately 0.1 m. C) Lacquer peels of climbing dune sets from lower Pliocene deposits, Tagebau
Hambach, Germany. Note that the topsets cannot be traced consistently through-out the proﬁle, which indicates variations between stoss-erosional and stoss-depositional styles of
dune climbing. The two peels are adjacent to each other and represent a 45° corner, which implies that the actual inclinations of the strata and bedding are steeper than apparent in
these photographs. D) Small, approximately 0.1 m high, stoss-depositional climbing dunes preserved in medium sand deposits (approx. 250 μm) of the braided South Saskatchewan
River, Canada. Flow right to left, close-up section about 1 m long. Black grains are organic particles deposited on the dune lee slopes. Note the climbing dunes lie above a series of low-
angle, bar-scale, downstream-dipping strata (lower 0.5 m of the section, right photo). These low-angle strata represent sedimentation on the downstream side of a bar, with the climbing
dunes thus developing in this region of decelerating ﬂow with locally enhanced vertical rates of sedimentation.
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investigate the processes and magnitudes of sediment fallout during
waningﬂows, the spatial geometry of theﬂow ﬁeld and sediment trans-
port paths, and their relation to varying ﬂow depth and water surface
slope. Local bypassing and deposition of sediment is proportional to
the absolute sediment transport rate and hence greater during larger
discharges, and is promoted by a greater propensity for sediment to
be suspended (Ws/U*; where Ws is the settling velocity of sediment
and U* is the ﬂuid shear velocity; Szupiany et al., 2012; Nicholas,
2013; Naqshband et al., 2014). Signiﬁcant time may be involved in the
burial of dunes under a thick cohesive clay layer because the settling ve-
locity of clay is typically low and suspended sediment concentrations
are relatively low in most river systems. Sufﬁcient time to allow the
slow burial of form-sets by ﬁne-grained sediment without the recur-
rence of erosion is more likely when changes in ﬂow velocity are
sustained over long periods of time. Such sustained periods of compara-
ble discharge are common in the Río Paraná and other large, seasonal,
lowland rivers, and less common in smaller rivers where individual,
short-lived, storms can dominate the hydrograph. Thus, the observa-
tions of form-sets in the deposits of the Río Paraná indicates that their
formation is associated with the local geomorphology, and promoted
by prolonged changes in discharge and high rates of deposition of
ﬁne-grained sediment.
4.2. Climbing and down-climbing form-sets
In addition to dunes that are abandoned and buried, dune form-sets
are found with geometries that indicate continued migration, as pre-
served in climbing sets (Figs. 1B; 2 label Cl; 5 CD; Ghienne et al.,
2010) and down-climbing sets formed by dunes migrating down a
larger-scale lee slope (Fig. 1D; Fig. 2 label Dc). Climbing and down-
climbing form-sets demonstrate that continued bedform migration
does not automatically generate scour that will erode the stoss slope
and the upper part of the bedform.When sediment transport continues,
variable scour may occur at smaller spatio-temporal scales within the
sediment transport layer on the stoss slope, even though there is no
net erosion. In such cases, only the average stoss-slope geometry is pre-
served, and evidence of higher-frequency scour recurrence is likely
present within the stoss-slope deposits, similar to the case of dunes mi-
grating over the tops of bars (Fig. 6). Set climbing is commonly de-
scribed for the case of ripples (Sorby, 1859; Boersma, 1967; Allen,
1970, 1971a, 1971b; Collinson, 1970) and is common in bar troughs
where migration rates are low and deposition rates from suspended
bed material are high (Jopling, 1961; Reesink and Bridge, 2011). Set
climbing is also commonly described for bar tops and overbank areas
whenﬂowvelocities drop during thewaning stage of aﬂood andnet ag-
gradation may substantially increase in speciﬁc locations (Bristow,
1993a; Fielding et al., 1999; Bridge, 2003; Sambrook Smith et al., in
press). Such local sediment fallout during waning ﬂow is not purely
due to temporal variability in sedimentation related to a decrease in dis-
charge, which would reﬂect the changes in sediment concentration
within theﬂow. Instead, the local fallout of suspended sediment is likely
the result of temporarily increased spatial gradients in sediment trans-
port. The precise nature of such spatio-temporal sediment-transport
gradients, and their associated sediment transport pathways, remains
poorly understood. In contrast to climbing ripple sets, observations of
climbing dune sets are relatively rare (Fig. 5 CD; Rubin and Carter,
2006; Fielding, 2006; Ghienne et al., 2010). Ghienne et al. (2010) high-
light that the potential for development of climbing dune sets increases
with larger suspended bedmaterial transport rates. However, the diver-
sity of form-sets identiﬁed herein indicates that these structures need
not be unique to extreme events, but rather can be linked to spatial
changes in ﬂow velocity as controlled by larger-scale bed topography.
Numerical simulations of dune migration (Jerolmack and Mohrig,
2005) indicate that a steady rain of sediment may cause dune sets to
‘climb’. Although their study does not specify the spatial limits or phys-
ical causes of decreasedmigration and/or increased aggradation, it high-
lights the importance of local bypassing and the sediment transport
paths that control local sediment transport rates as essential factors in
set climbing (Ghienne et al., 2010; Szupiany et al., 2012; Naqshband
et al., 2014). Observations from modern channels indicate that
Fig. 6. Three paradigms for preservation in a sedimentary system(delimited in time and space) that experiences variability in erosional scour that is: dominance of erosion of a deposit (e.g.
Gilluly, 1969), dominance of variability as a control on thickness distributions (e.g. Paola and Borgman, 1991), and dominance of deposition (e.g. Sorby, 1859; Allen, 1970). Equations are
presented as examples of different shapes of trends described in literature, but are likely to vary between locations, times, and geomorphic settings. s is the thickness of the preserved layer
(m), a and b are constants that describe the exponential loss of sedimentary strata over time, t is time, γ is a constant that describes the relation between the bedform height and trough
scour depth, and β represents the variability in bedform height, L is the bedform length (m), r is the ﬂux of sediment to the bed (m s−1), and c is the celerity of the bedform along the bed
(m s−1).
660 A.J.H. Reesink et al. / Earth-Science Reviews 150 (2015) 652–665
superimposed dunes that migrate down the lee slope of a host bedform
decelerate and decrease in size (Pretious and Blench, 1951; Rubin and
Hunter, 1982; Amsler and Gaudin, 1994; Parsons et al., 2005; Reesink
and Bridge, 2007, 2009; Kostaschuk et al., 2009). This decrease in size,
illustrated in Fig. 1D, indicates the deposition of sediment by the
superimposed bedforms, which is consistent with a decrease in the
transport capacity of the ﬂow in the deceleration zone of the host
bedform. The superimposition of bedforms is common in nature
(Rubin and McCulloch, 1980), typically enhanced by bedform adapta-
tion in unsteady and non-uniform ﬂows (Kleinhans, 2002; Wilbers
and Ten Brinke, 2003; Kleinhans et al., 2007; Martin and Jerolmack,
2013) and linked to the coexistence of different bedform types, such
as dunes superimposed on bars (e.g. Haszeldine, 1982). The reactivation
surfaces and inclined co-sets that are the sedimentary evidence of
down-climbing are common in modern alluvial deposits (Collinson,
1970; Jackson, 1976; Rubin and Hunter, 1982; Reesink and Bridge,
2011), in GPR images (Best et al., 2003; Lunt et al., 2004; Sambrook
Smith et al., 2006, 2009; Reesink et al., 2014a) and in the rock record
(e.g. Jones and McCabe, 1980; Allen, 1982, 1983; Haszeldine, 1982;
Røe and Hermansen, 1993; Bristow, 1993b; Willis, 1993a, 1993b,
1993c; Miall, 1996). Reactivation surfaces are bounding surfaces that
can be associated with successive superimposed bedforms (Collinson,
1970; Allen, 1982;Miall, 1996; Reesink and Bridge, 2011). Trends with-
in such successive dune sets therefore provide short records of the
geometry of the host and superimposed bedforms, which can be used
for qualitative and quantitative interpretations of formative ﬂow and
sediment transport conditions (e.g. Reesink and Bridge, 2011; Almeida
et al., 2015a, in review). However, in core interpretations, the genetic
association of successive sets, and hence the interpretation of formative
host bedforms, may not be possible.
4.3. Using form-set analysis to constrain
‘variability-dominated’ preservation
Form-sets indicate situationswhere erosion does not recur, and thus
invalidate the basic tenet behind models that assume that scour recurs
and varies in depth over time (Eq. (2); Paola and Borgman, 1991;
Leclair and Bridge, 2001). The analysis of form-sets indicates multiple
processes that can affectmodels that assume variability in scour. For ex-
ample, when dunes are abandoned, their celerity is zero and Eq. (2) be-
comes unusable. Climbing dune sets also illustrate that the orientation
of the set does not need to equal the orientation of the river bed over
which the formative dune once migrated. This discrepancy poses a
problem when attempting to interpret the angle of the formative host
surface of down-climbing and up-slope migrating dune sets. The dis-
crepancy between set angle and formative bed surface angle requires
a systematic investigation. In addition, the ‘variability dominated’
model assumes a stable probability density function in order to produce
a preservation ratio (Kolmogorov, 1951). Yet, consistent changes in the
size of down-slopemigrating dunes show that such bedform-size distri-
butions change in time and space. Although a preservation ratio can be
used in such cases, itmust not be derived by assuming a single, idealized
probability density function (pdf) of scour depth (cf. Lageweg et al.,
2013). The pdf of scour distribution also changes temporally in response
to ﬂoods. Dune sets in the thalweg of a river may therefore represent
only a restricted proportion of ﬂood peaks and waning stages during
which the dunes were at their largest (Fig. 1C; Kleinhans, 2001, 2002).
Thus, near-horizontal beds in the sedimentary record may represent a
temporally selective subset of the total of all ﬂow conditions. The pdfs
of set thicknesses that related to deposits of the thalweg are indeed
known to differ from the overlying dune sets (Holbrook and Wanas,
2014), although the relative roles of different controlling factors that af-
fect dune size and scour in the thalweg, such as supply limitation, sec-
ondary ﬂow, and stage variability, require further systematic research.
The pdf of scour distributions is modiﬁed differently in cases where
dunes migrate into an area of ﬂow deceleration. In cases where all
dunes produce successive sets as they migrate down a bar-scale slope,
the preserved sets will represent all dunes and not only a selection of
the largest dunes (Haszeldine, 1982; Rubin and Hunter, 1982; Reesink
and Bridge, 2009, 2011). Furthermore, the ﬂow ﬁelds of the host and
superimposed forms are known to interact (Fernandez et al., 2006;
Reesink et al., 2014b), and these hydrodynamic interactions affect the
relation between the heights and scour depths of the superimposed
bedforms (e.g. McCabe and Jones, 1977; Reesink and Bridge, 2007,
2009; Warmink et al., 2014). The sediment transport processes on
the leeside of the host bedform will also alter in association with the
evolving ﬂow ﬁeld, causing a spatio-temporal variation in both deposi-
tion rate and local sediment bypassing (Jopling, 1961; Allen, 1982;
Kostaschuk et al., 2009). Both experiments and ﬁeld data indicate that
down-climbing increases the preservation potential as it causes deposi-
tion on the host lee slope to dominate over the recurrence of erosion by
the superimposed bedforms (Reesink and Bridge, 2009, 2011). In natu-
ral deposits, dune-set distributions are likely to reﬂect varying propor-
tions of their formative dune distributions in response to spatial
variations in ﬂow, and are likely to reﬂect different formative dune dis-
tributions due to temporally varying ﬂow conditions. In summary,
down-climbing is common in rivers, its deposits are commonly pre-
served, and the dynamics of down-climbing violate the assumed con-
stancy of the height distribution (β), change the relation between
bedform shape and scour (γ), decrease bedform lengths (L), increase
the ﬂux of sediment to the bed (r) and decrease bedform celerity (c).
It is therefore reasonable to assume that preservation ratios derived
from the variability-dominated bedform-preservation model (Eq. (2))
cannot be applied in a straightforward way to non-uniform conditions,
such as occur on downclimbing surfaceswith bedform superimposition,
and are unlikely to be suitable for unsteady ﬂows.
4.4. Ways forward in the analysis of subaqueous dune preservation
Despite the sensitivity of the assumptions that support a variability-
dominated model to non-uniform and unsteady conditions, systematic
experimental veriﬁcation has shown that the variability-dominated
model is versatile and adaptable (Leclair and Bridge, 2001; Bridge and
Lunt, 2006; Lageweg et al., 2013). Flow across bar tops appears sufﬁ-
ciently steady and uniform to produce near-horizontal dune sets that
are similar to those developed in ﬂume experiments (Reesink and
Bridge, 2011). Restricting the application of preservation ratios to
near-horizontal dune sets (e.g. b6° cf. GPR facies in Sambrook Smith
et al., 2006) and contrasting them against inclined dune setsmay there-
fore present a ﬁrst-order solution. The analysis of down-climbing dune
sets and Eq. (2) highlights that preservation potential is particularly
sensitive to changes in ﬂow and sediment transport around bars. Locally
increased deposition on bars (Lane et al., 2010; Brasington et al., 2000)
produces larger-scale trends on which dune preservation is super-
imposed (Fig. 6). Preservation potential and the preserved set distribu-
tions can therefore be expected to vary between different regions of a
channel, such as the thalweg, bar ﬂanks, bar top, bar trough, and lee-
and stoss slopes (Fig. 6). Dune-set distributions are likely grouped into
bar-scale depositional units that reﬂect these different locations, and
this may provide a simple solution for interpretations and predictions.
However, it is well-established that bedforms of different scales interact
hydrodynamically, even though few studies have been devoted to
multi-scale processes such as bedform development in non-uniform
ﬂow (Fernandez et al., 2006; Best et al., 2013; Reesink et al., 2014b).
Little knowledge is currently available on the effects of the planform
morphology, or vertical ﬂow acceleration and deceleration, on sediment
transport, dune geometry, and bedform preservation potential. More-
over, although the present synthesis primarily highlights various effects
of bar-scale geomorphology, bedform preservation is clearly a spatio-
temporal issue (Bridge, 1993; Kneller, 1995). The spatial distributions
of ﬂow and sediment transport change as the river bed deforms over
time, and respond markedly to changes in stage (Fig. 1C; Bridge, 1993,
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2003; Ashworth, 1996; McLelland et al., 1999; Rodrigues et al., 2014).
Individual ﬂoods are known to produce identiﬁable bar-scale units of
deposition (Bridge, 1993, 2003) and may dominate the preservation of
dune sets in the thalweg because of the growth and decay of dunes dur-
ing ﬂoods (Kleinhans, 2001, 2002; Wilbers and Ten Brinke, 2003;
Kleinhans et al., 2007). This implies that dune sets are grouped within
identiﬁable units that represent comparable, or systematically chang-
ing, boundary conditions and dune-size distributions. Channel deposits
are composed of a three-dimensional mosaic of such depositional units
that form locally and over multiple ﬂoods (cf. Longhitano and Nemec,
2005; Ashworth et al., 2011; Lunt et al., 2013; Holbrook and Wanas,
2014). Such depositional units are commonly described from outcrops,
butmay be very difﬁcult to identify in cores. The presence of deposition-
al units that represent both comparableﬂow conditions and comparable
preservation potential justiﬁes a stratiﬁed approach in interpretations
of dune preservation, bar-scale dynamics and stage-dependent deposi-
tion. Alternatively, systematic trends within set distributions might be
compensated for by increasing the size of the sample, and hence con-
sidering a larger number of dunes and a broader range of conditions.
Such an increase in sample size may stabilize the scour depth distribu-
tion, but inherently extends the temporal and spatial scales of the anal-
ysis. Formative dune size cannot be interpreted from an individual
partially-preserved dune set in a reliable way without a consideration
of its larger-scale context.
At the scale of an entire river reach, the variability in preservation
potential depends on the channel planform, because dune preservation
varies in response to bar-scale morphology (Fig. 6). Considerable vari-
ability in sedimentary architecture is known to exist between bars in
the same reach (Sambrook Smith et al., 2006; Lane et al., 2008;
Ashworth et al., 2011; Horn et al., 2012; Reesink et al., 2014a, 2014b).
Variability in locally enhanced dune preservation is tied to this variabil-
ity in bar morphology, such that a deposit of a few hundred meters in
width or length may not be an adequate representation of the behavior
of the entire river reach. Furthermore, local deposition from suspension
promotes bedform burial and climbing and therefore increases preser-
vation potential (Eq. (2)). The likelihood of locally enhanced dune pres-
ervation therefore ought to be larger for ﬁner sands, when settling
velocity is low relative to stream power, and when grain density is
low (e.g. carbonate sands). These variables are known to change be-
tween reaches. In the Río Paraná, the abundance of form-sets can be as-
sociated with its hydraulic regime, the relatively ﬁne grain size relative
to its stream power, and the morphology of its bars. Thus, preservation
potential is linked to the larger-scale geomorphology, is sensitive to the
deﬁnition of scales, and is more variable than commonly assumed. The
controlling factors and the resultant variability in locally enhanced
dune preservation likely vary between reaches, between bars, and
across bars, and this warrants further systematic research.
4.5. Implications for other scales and sedimentary systems
The above discussion highlights that preservation and stratigraphic
completeness are controlled by the recurrence of erosion and de-
position, and adhere to the conservation of mass, which is scale-
independent (e.g. Barrell, 1917; Kolmogorov, 1951; Mahon et al.,
2015; Fig. 1E). In fact, the ideas behind the general model depicted in
Fig. 6 are originally derived from studies that range from a continental
scale to individual bedforms (Barrell, 1917; Kolmogorov, 1951; Gilluly,
1969; Middleton, 1973; Allen, 1982; Rubin and Hunter, 1982; Paola
and Borgman, 1991; Tye, 2004; Wilkinson et al., 2009). The multi-
scale dynamics of preservation highlighted herein therefore also pro-
vides a useful context for other scales and systems. For example, tecton-
ic motion approximates a random walk (Wilkinson et al., 2009) such
that incisional channels at the base of a basin-ﬁll sequence should be
the most likely to be preserved in the geological record just as the
bases of sets are themost likely parts of dunes to be preserved.Whether
variability in scour also controls the volumetric abundance of facies
depends on the processes that control depositional trends and the re-
currence of scour at regional scales (Gibling, 2006; Weissmann et al.,
2010; Hartley et al., 2010; Sambrook Smith et al., 2010; Fielding et al.,
2012; Latrubesse, in press). Analysis of preservation is sensitive to the
deﬁnition of temporal and spatial scales and multi-scale interactions.
In a multi-scale system, individual scales do not need to have identical
depositional/erosional trends (Fig. 6). For instance, a barmay be eroded
in a channel that experiences net deposition, but which is located in an
erosional basin. Temporal and spatial scales of sedimentary systems are
linked by sediment transport: a small deposit can be erodedmuch faster
than a large deposit. Consequently, a small depositional system is more
likely to be lost over geological timescales than a very large transfer sys-
tem, because large systems contain much greater volumes of sediment
and therefore develop more slowly (Nittrouer et al., 2008, 2012;
Latrubesse, in press). It is also unlikely that preservation is well repre-
sented by a single preservation ratio: large-scale spatial trends in depo-
sition exist between the sediment source and depositional sink
(Schumm, 1981, 1977; Holbrook and Wanas, 2014). Thus, the multi-
scale model of preservation of dunes on bars (Fig. 6), and its limitations
as a consequence of scale-deﬁnitions and scale-interactions, may pro-
vide a framework analysis of other sedimentary systems.
5. Conclusions
This paper presents examples of extreme cases of dunepreservation,
where these subaqueous bedforms are preserved intact within alluvial
deposits. The abundance of intact duneﬁelds revealed byGPR investiga-
tion of mid-channel bars in the Río Paraná, indicates that dune form-
sets are more common than previously believed, and highlights the sig-
niﬁcance of bar-scale geomorphology as a control on dune preservation.
Other descriptions of form-sets described in previous studies invoke
rapid burial by mass-movement processes from collapsing river banks,
or slow burial by cohesive clay in areas sheltered to the main ﬂow,
such as in the lee of bars and in oxbow lakes, as key processes. Down-
slope migration of dunes on bars inﬂuences dune height, wavelength,
bedform shape and scour depth, the ﬂux of sediment to the bed, and
overall bedformmigration rates: all the basic variables known to control
bedform preservation. Intact form-sets indicate that sedimentary pres-
ervation varies spatially and temporally within river channels. As a con-
sequence of such spatial variation, dune-set populations reﬂect both
formative dune sizes and variable preservation potential. Dune sets
are therefore likely grouped within larger-scale units that correspond
to the thalweg, bar ﬂanks, bar top, and lee and stoss slopes of larger-
scale alluvial morphology. Locally increased preservation potential is
likely promoted by ﬁner grain size and by prolonged changes in stage.
The sensitivity of preservation potential to scale-deﬁnitions and the
multi-scale dynamics highlighted in this paper may provide a useful
comparison for a wide range of sedimentary systems.
Acknowledgements
This paper evolved over many years and many discussions with
supporting colleagues. We would especially like to thank John Bridge
for his critique and support.We are indebted to Steve Darby, the Paraná
Research Team, and in particular to Phil Ashworth, Greg Sambrook
Smith, Stuart Lane andAndrewNicholas for their support. The collection
of the GPR data from the Río Paraná was supported by grant NE/
E016022/1 funded by UK Natural Environment Research Council
(NERC) to Ashworth, Best, Lane, Parsons and Sambrook Smith. The aeri-
al photograph and photos of form-sets from the South Saskatchewan
River are part of a larger collection assembled with support by grants
NER/A/S/ 2003/00538 andNE/D005701/1 from theUKNatural Environ-
ment Research Council (NERC) to Ashworth, Best, Lane, Parsons and
Sambrook Smith. Dave Rubin, Robert Dalrymple, Jaco Baas, Phil Allen
and Adrian Hartley are thanked for inspiring questions and comments.
662 A.J.H. Reesink et al. / Earth-Science Reviews 150 (2015) 652–665
The quality of the paper was improved based on three anonymous re-
views and the advice of the editors, Chris Fielding, and Paul Carling.
References
Ager, D.V., 1973. The Nature of the Stratigraphical Record. Macmillan, London (114 pp.).
Ager, D.V., 1976. The nature of the fossil record. Proc. Geol. Assoc. 87 (2), 131–159.
Alexander, J., Fielding, C., 1997. Gravel antidunes in the tropical Burdekin River, Queens-
land, Australia. Sedimentology 44 (2), 327–337.
Alexander, J., Bridge, J.S., Cheel, R.J., Leclair, S.F., 2001. Bedforms and associated sedimen-
tary structures formed under supercritical water ﬂows over aggrading sand beds.
Sedimentology 48 (1), 133–152.
Allen, J.R.L., 1970. A quantitative model of climbing ripples and their cross-laminated de-
posits. Sedimentology 14 (1–2), 5–26.
Allen, J.R.L., 1971a. A theoretical and experimental study of climbing-ripple cross-
lamination, with a ﬁeld application to the Uppsala esker. Geogr. Ann. Ser. A Phys.
Geogr. 157–187.
Allen, J.R.L., 1971b. Instantaneous sediment deposition rates deduced from climbing-
ripple cross-lamination. J. Geol. Soc. 127 (6), 553–561.
Allen, J.R.L., 1973. A classiﬁcation of climbing-ripple cross-lamination. J. Geol. Soc. 129 (5),
537–541.
Allen, J.R.L., 1982. Sedimentary Structures, Their Character and Physical Basis. Develop-
ments in Sedimentology 30A vol. 1. Elsevier Scientiﬁc Publishing Company,
Amsterdam (593 pp.).
Allen, J.R.L., 1983. Studies in ﬂuviatile sedimentation: bars, bar-complexes and sandstone
sheets (low-sinuosity braided streams) in the brownstones (L. Devonian), Welsh
borders. Sediment. Geol. 33 (4), 237–293.
Almeida, R.P., Freitas, B.T., Turra, B.B., Figueiredo, F.T., Marconato, A., Janikian, L., 2015a.
Reconstructing ﬂuvial bar surfaces from compound cross-strata and the interpreta-
tion of bar accretion direction in large river deposits. Sedimentology. http://dx.doi.
org/10.1111/sed.12230.
Almeida, R., Freitas, B., Turra, B., Figueiredo, F., Marconato, A., Janikian, L., 2015b.
Reconstructing ﬂuvial bar surfaces from compound cross strata and the interpreta-
tion of bar accretion direction in large river deposits. Sedimentology. http://dx.doi.
org/10.1111/sed.12230 (in review).
Amsler, M.L., Garcia, M.H., 1997. Sand-dune geometry of large rivers during
ﬂoods—discussion. J. Hydraul. Eng. 123, 582–585.
Amsler, M., Gaudin, H.E., 1994. Inﬂuencia de la Superposición de Dunas en el Transporte
de la Carga de Fondo en el rio Paraná. XV National Water Congress, La Plata,
Argentina (in Spanish).
Arnott, R.W.C., Hand, B.M., 1989. Bedforms, primary structures and grain fabric in the
presence of suspended sediment rain. J. Sediment. Res. 59 (6), 1062–1069.
Ashley, G.M., 1990. Classiﬁcation of large-scale subaqueous bedforms: a new look at an
old problem-SEPM bedforms and bedding structures. J. Sediment. Res. 60 (1),
160–172.
Ashley, G.M., Southard, J.B., Boothroyd, J.C., 1982. Deposition of climbing-ripple beds: a
ﬂume simulation. Sedimentology 29 (1), 67–79.
Ashworth, P.J.A., 1996. Mid-channel bar growth and its relationship to local ﬂow strength
and direction. Earth Surf. Process. Landf. 21, 103–123.
Ashworth, P.J., Lewin, J., 2012. How do big rivers come to be different? Earth Sci. Rev. 114,
84–107.
Ashworth, P.J., Sambrook Smith, G.H., Best, J.L., Bridge, J.S., Lane, S.N., Lunt, I.A.,
Reesink, A.J.H., Simpson, C.J., Thomas, R.E., 2011. Evolution and sedimentology
of a sandy braided channel ﬁll and its differentiation from compound bar de-
posits. Sedimentology 58, 1860–1883. http://dx.doi.org/10.1111/j.1365-3091.
2011.01242.x.
Baas, J.H., Davies, A.G., Malarkey, J., 2013. Bedform development in mixed sand–mud: the
contrasting role of cohesive forces in ﬂow and bed. Geomorphology 182, 19–32.
Barrell, J., 1917. Rhythms and the measurement of geologic time. Geol. Soc. Am. Bull. 28,
745–904.
Bartholdy, J., Flemming, B.W., Bartholomä, A., Ernstsen, V.B., 2005. Flow and grain size
control of depth-independent simple subaqueous dunes. J. Geophys. Res. Earth Surf.
110 (F4).
Best, J.L., 1996. The ﬂuid dynamics of small-scale alluvial bedforms. In: Carling, P.A.,
Dawson, M. (Eds.), Advances in Fluvial Dynamics and Stratigraphy. Wiley and Sons,
Chichetser, UK, pp. 67–125.
Best, J.L., 2005. The ﬂuid dynamics of river dunes: a review and some future research di-
rections. J. Geophys. Res. Earth Surf. 110 (F4).
Best, J.L., Ashworth, P.J., Bristow, C.S., Roden, J., 2003. Three-dimensional sedimentary ar-
chitecture of a large, mid-channel sand braid bar, jamuna river, Bangladesh.
J. Sediment. Res. 73 (4), 516–530.
Best, J.L., Blois, G., Barros, J., Christensen, K., 2013. The dynamics of bedform amalgam-
ation; new insights from a very thin ﬂume. Proceedings of the Marine and RIver
Dunes Conference 2013, Bruges, Belgium.
Best, J., Woodward, J., Ashworth, P., Smith, G.S., Simpson, C., 2006. Bar-top hollows: a new
element in the architecture of sandy braided rivers. Sediment. Geol. 190 (1),
241–255.
Blom, A., Kleinhans, M.G., 2008. Estimating bed form height from sorting preserved in
sedimentary records of river dunes, deltas and bars. In: Dohmen-Janssen, C.M.,
Hulscher, S.J.M.H. (Eds.), River, Coastal and Estuarine Morphodynamics (RCEM
2007). Taylor and Francis, London, pp. 641–648.
Boersma, J.R., 1967. Remarkable types of mega cross stratiﬁcation in the ﬂuviatile se-
quence of a subrecent distributary of the Rhine, Amerongen, The Netherlands. Geol.
Mijnb. 46, 217–235.
Bouma, A.H., Kuenen, P.H., Shepard, F.P., 1962. Sedimentology of some ﬂysch deposits: a
graphic approach to facies interpretation vol. 168. Elsevier, Amsterdam.
Brasington, J., Rumsby, B.T., Mcvey, R.A., 2000. Monitoring and modelling morphological
change in a braided gravel-bed river using high resolution GPS-based survey. Earth
Surf. Process. Landf. 25, 973–990.
Brayshaw, A.C., Davies, G.W., Corbett, P.W.M., 1996. Depositional controls on primary per-
meability and porosity at the bedforms scale in ﬂuvial reservoir sandstones. In:
Carling, P.A., Dawson, M.R. (Eds.), Advances in Fluvial Dynamics and Stratigraphy.
JohnWiley and Sons Ltd., pp. 373–394.
Bridge, J.S., 1993. The interaction between channel geometry, water ﬂow, sediment trans-
port and deposition in braided rivers. In: Best, J.L., Bristow, C.S. (Eds.), Braided rivers.
Geol. Soc. Spec. Publ. 75, pp. 13–71.
Bridge, J.S., 1997. Thickness of sets of cross strata and planar strata as a function of formative
bed-wave geometry and migration, and aggradation rate. Geology 25 (11), 971–974.
Bridge, J.S., 2003. Rivers and Floodplains; Forms, Processes, and Sedimentary Record.
Blackwell Publishing, Oxford, U.K. (600 pp.).
Bridge, J.S., Best, J.L., 1997. Preservation of planar laminae due to migration of low-relief
bed waves over aggrading upper-stage plane beds: comparison of experimental
data with theory. Sedimentology 44 (2), 253–262.
Bridge, J.S., Lunt, I.A., 2006. Depositional models of braided rivers. Braided Rivers, Process-
es, Deposits, Ecology and Management. Int. Assoc. Sediment. Spec. Pub. 36, pp. 11–55.
Bristow, C.S., 1987. Brahmaputra river: channel migration and deposition. In: Ethridge,
F.G., Flores, R.M., Harvey, M.D. (Eds.), Recent Developments in Fluvial Sedimentology.
Society of Economic Paleontologists and Mineralogists Special Publications 39,
pp. 63–74.
Bristow, C.S., 1993a. Sedimentary structures in bar tops in the Brahmaputra River,
Bangladesh. In: Best, J.L., Bristow, C.S. (Eds.), Braided Rivers: Geological Society of
London, Special Publication 75, pp. 277–289.
Bristow, C.S., 1993b. Sedimentology of the rough rock: a carboniferous braided river sheet
sandstone in northern England. Geol. Soc. Lond., Spec. Publ. 75 (1), 291–304.
Cagnoli, B., Ulrych, T.J., 2001a. Singular value decomposition and wavy reﬂections in
ground-penetrating radar images of base surge deposits. J. Appl. Geophys. 48 (3),
175–182.
Cagnoli, B., Ulrych, T.J., 2001b. Ground penetrating radar images of unexposed climbing
dune-forms in the ubehebe hydrovolcanic ﬁeld (Death Valley, California).
J. Volcanol. Geotherm. Res. 109 (4), 279–298.
Carling, P.A., 1996. Morphology, sedimentology and palaeohydraulic signiﬁcance of large
gravel dunes, Altai Mountains, Siberia. Sedimentology 43, 647–664.
Carling, P.A., Kirkbride, A.D., Parnachov, S., Borodavki, P.S., Berger, G.W., 2002. Late quater-
nary catastrophic ﬂooding in the Altai Mountains of south-central Siberia: a synoptic
overview and an introduction to ﬂood deposit sedimentology. In: Martini, P. (Ed.),
Flood and Megaﬂood Processes and Deposits. Spec. Publ. Int. Assoc. Sedimentol. 32,
pp. 17–35.
Claude, N., Rodrigues, S., Bustillo, V., Bréheret, J.-G., Macaire, J.-J., Jugé, P., 2012. Estimating
bedload transport in a large sand–gravel bed river from direct sampling, dune track-
ing and empirical formulas. Geomorphology 179, 40–57.
Collinson, J.D., 1970. Bedforms of the Tana River, Norway. Geogr. Ann. Ser. A Phys. Geogr.
52, 31–56.
Collinson, J., Mountney, N., Thompson, D., 2006. Sedimentary Structures. Terra Publishing,
Harpenden, U.K. (292 pp.).
Darby, S.E., Delbono, I., 2002. A model of equilibrium bed topography for meander bends
with erodible banks. Earth Surf. Process. Landf. 27 (10), 1057–1085.
DeCelles, P.G., Langford, R.P., Schwartz, R.K., 1983. Two new methods of paleocurrent de-
termination from trough cross-stratiﬁcation. J. Sediment. Res. 53 (2), 629–642.
Drummond, C.N., Coates, J., 2000. Exploring the statistics of sedimentary bed thicknesses;
two case studies. J. Geosci. Educ. 48 (4), 487–499.
Drummond, C.N., Wilkinson, B.H., 1996. Stratal thickness frequencies and the prevalence
of orderedness in stratigraphic sequences. J. Geol. 1–18.
Fernandez, R., Best, J., Lopez, F., 2006. Mean ﬂow, turbulence structure, and bed form su-
perimposition across the ripple–dune transition. Water Resour. Res. 42 (5), 948–963.
Fielding, C.R., 2006. Upper ﬂow regime sheets, lenses and scour ﬁlls: extending the range
of architectural elements for ﬂuvial sediment bodies. Sediment. Geol. 190 (1),
227–240.
Fielding, C.R., 2007. Sedimentology and stratigraphy of large river deposits: recognition in
the ancient record and distinction from ‘incised valley ﬁlls’. In: Gupta, A. (Ed.), Large
Rivers; Geomorphology and Management. Wiley, Chichester, pp. 97–113.
Fielding, C.R., Alexander, J., McDonald, R., 1999. Sedimentary facies from ground-penetrating
radar surveys of the modern, upper burdekin river of north Queensland, Australia: con-
sequences of extreme discharge ﬂuctuations. Fluvial Sedimentol. VI, 347–362.
Fielding, C.R., Ashworth, P.J., Best, J.L., Prokocki, E.W., Sambrook Smith, G.H., 2012. Tribu-
tary, distributary and other ﬂuvial systems: what really represents the norm in the
continental rock record? Sediment. Geol. 261, 15–32.
Ghienne, J.F., Girard, F., Moreau, J., Rubino, J.L., 2010. Late Ordovician climbing-dune cross-
stratiﬁcation: a signature of outburst ﬂoods in proglacial outwash environments?
Sedimentology 57 (5), 1175–1198.
Gibling, M.R., 2006. Width and thickness of ﬂuvial channel bodies and valley ﬁlls in the
geological record: a literature compilation and classiﬁcation. J. Sediment. Res. 76
(5), 731–770.
Gilluly, J., 1969. Geological perspective and the completeness of the geologic record. Geol.
Soc. Am. Bull. 80 (11), 2303–2312.
Hartley, A.J., Weissmann, G.S., Nichols, G.J., Warwick, G.L., 2010. Large distributive ﬂuvial
systems: characteristics, distribution, and controls on development. J. Sediment. Res.
80 (2), 167–183.
Haszeldine, R.S., 1982. Descending tabular cross-bed sets and bounding surfaces from a
ﬂuvial channel in the Upper Carboniferous of North-East England. J. Sediment. Petrol.
53, 1233–1247.
663A.J.H. Reesink et al. / Earth-Science Reviews 150 (2015) 652–665
Herbert, C.M., Alexander, J., de Álvaro, M., María, J., 2015. Back-ﬂow ripples in troughs
downstream of unit bars: formation, preservation and value for interpreting ﬂow
conditions. Sedimentology http://dx.doi.org/10.1111/sed.12203.
Holbrook, J., Wanas, H., 2014. A fulcrum approach to assessing source-to-sink mass bal-
ance using channel paleohydrologic paramaters derivable from common ﬂuvial data
sets with an example from the cretaceous of Egypt. J. Sediment. Res. 84 (5), 349–372.
Horn, J.D., Fielding, C.R., Joeckel, R.M., 2012. Revision of the Platte River alluvial facies
model through observation of extant channels and barforms, and subsurface alluvial
valley ﬁlls. J. Sediment. Res. 82, 72–91.
Hulscher, S.J., Dohmen-Janssen, C.M., 2005. Introduction to special section onmarine sand
wave and river dune dynamics. J. Geophys. Res. Earth Surf. 110 (F4).
Huysmans, M., Dassargues, A., 2010. In: Atkinson, P.M., Lloyd, C.D. (Eds.), Geostatistics for
Environmental Applications, Quantitative Geology and Geostatistics 16, pp. 139–149.
Imbrie, J., Buchanan, H., 1965. Sedimentary structures in modern carbonate sands of
the Bahamas. In: Middleton, G.V. (Ed.), Primary Sedimentary Structures and their
Hydrodynamic Interpretation. Spec. Publs Soc. econ. Palaeont. Miner., Tulsa 12,
pp. 149–172.
Jackson, R.G., 1975. Hierarchical attributes and a unifying model of bed forms composed
of cohesionless material and produced by shearing ﬂow. Geol. Soc. Am. Bull. 86
(11), 1523–1533.
Jackson, 1976. Large-scale ripples.
Jerolmack, D.J., Mohrig, D., 2005. Frozen dynamics of migrating bedforms. Geology 33 (1),
57–60.
Jones, C.M., McCabe, P.J., 1980. Erosion surfaces within giant ﬂuvial cross-beds of the car-
boniferous in northern England. J. Sediment. Res. 50 (2), 613–620.
Jopling, A.V., 1961. Origin of regressive ripples explained in terms of ﬂuid-mechanic pro-
cesses. U. S. Geol. Surv. Prof. Pap. 424D, 15–17.
Jopling, A.V., Walker, R.G., 1968. Morphology and origin of ripple-drift cross-lamination,
with examples from the Pleistocene of Massachusetts. J. Sediment. Res. 38 (4),
971–984.
Julien, P.Y., Klaassen, G.J., 1995. Sand-dune geometry of large rivers during ﬂoods.
J. Hydraul. Eng. 121 (9), 657–663.
Kleinhans, M.G., 2001. The key role of ﬂuvial dunes in transport and deposition of sand–
gravel mixtures, a preliminary note. Sediment. Geol. 143 (1), 7–13.
Kleinhans, M.G. (2002) Sorting out sand and gravel: sediment transport and deposition in
sand-gravel bed rivers. (PhD Thesis) University of Utrecht, The Netherlands
Kleinhans, M.G., 2004. Sorting in grainﬂows at the lee side of dunes. Earth-Sci. Rev. 65,
75–102.
Kleinhans, M.G., Wilbers, A.W.E., Ten Brinke, W.B.M., 2007. Opposite hysteresis of sand
and gravel transport upstream and downstream of a bifurcation during a ﬂood in
the River Rhine, The Netherlands. Neth. J. Geosci. Geol. Mijnbouw 86 (3), 273–285.
Kneller, B., 1995. Beyond the turbidite paradigm: physical models for deposition of turbidites
and their implications for reservoir prediction. Spec. Publ. Geol. Soc. Lond. 94, 31–49.
Kolmogorov, A.N., 1951. Solution of a Problem in Probability Theory Connected with the
Problem of the Mechanism of Stratiﬁcation. American Mathematical Society (8 pp.).
Kostaschuk, R., Shugar, D., Best, J., Parsons, D., Lane, S., Hardy, R., Orfeo, O., 2009.
Suspended sediment transport and deposition over a dune: Río Paraná, Argentina.
Earth Surf. Process. Landf. 34 (12), 1605–1611.
Lageweg, W.I., Dijk, W.M., Kleinhans, M.G., 2013. Channel belt architecture formed by a
meandering river. Sedimentology 60 (3), 840–859.
Lane, S.N., Parsons, D.R., Best, J.L., Orfeo, O., Kostaschuk, R.A., Hardy, R.J., 2008. Causes of
rapid mixing at a junction of two large rivers: Río Paraná and Río Paraguay,
Argentina. J. Geophys. Res. Earth Surf. 113, F02024.
Lane, S.N.,Widdison, P.E., Thomas, R.E., Ashworth, P.J., Best, J.L., Lunt, I.A., Sambrook Smith,
G.H.S., Simpson, C.J., 2010. Quantiﬁcation of braided river channel change using archi-
val digital image analysis. Earth Surf. Process. Landf. 35 (8), 971–985.
Latrubesse, E.M., 2015. Large rivers, megafans and other quaternary avulsive ﬂuvial sys-
tems: a potential “who's who” in the geological record. Earth Sci. Rev. http://dx.doi.
org/10.1016/j.earscirev.2015.03.004 (in press).
Leclair, S.F., 2002. Preservation of cross strata due to migration of subaqueous dunes: an
experimental investigation. Sedimentology 49, 1157–1180.
Leclair, S.F., 2006. New pieces to the puzzle of reconstructing sediment paleoﬂuxes from
river dune deposits. Geology 34 (5), 401–404.
Leclair, S.F. (2011), Interpreting ﬂuvial hydromorphology from the rock record: large-
river peak ﬂows leave no clear signature, in From River To Rock Record: The Preser-
vation Of Fluvial Sediments And Their Subsequent Interpretation, edited by S.K.
Davidson, S. Leleu, and C.P. North, SEPM Special Publication, 97, 113–123.
Leclair, S.F., Bridge, J.S., 2001. Quantative interpretation of sedimentary structures formed
by river dunes. J. Sediment. Res. 71, 713–716.
Leclair, S.F., Bridge, J.S., Wang, F., 1997. Preservation of cross-strata due to migration of
subaqueous dunes over aggrading and non-aggrading beds: comparison of experi-
mental data with theory. Geosci. Can. 24 (1), 55–66.
Lewin, J., Macklin, M.G., 2003. Preservation potential for Late Quaternary river alluvium.
J. Quat. Sci. 18 (2), 107–120.
Longhitano, S.G., Nemec, W., 2005. Statistical analysis of bed-thickness variation in a
tortonian succession of biocalcarenitic tidal dunes, Amantea Basin, Calabria, southern
Italy. Sediment. Geol. 179 (3), 195–224.
Lunt, I.A., Bridge, J.S., Tye, R.S., 2004. A quantitative, three-dimensional depositional model
of gravelly braided rivers. Sedimentology 51 (3), 377–414.
Lunt, I.A., Smith, G.H.S., Best, J.L., Ashworth, P.J., Lane, S.N., Simpson, C.J., 2013. Deposits of
the sandy braided south Saskatchewan river: implications for the use of modern an-
alogs in reconstructing channel dimensions in reservoir characterization. AAPG Bull.
97 (4), 553–576.
Mahon, R.C., Shaw, J.B., Barnhart, K.R., Hobley, D.E., McElroy, B., 2015. Quantifying the
stratigraphic completeness of delta shoreline trajectories. J. Geophys. Res. Earth
Surf. 120 (5), 799–817.
Martin, R.L., Jerolmack, D.J., 2013. Origin of hysteresis in bed form response to unsteady
ﬂows. Water Resour. Res. 49 (3), 1314–1333.
Martinius, A.W., Van den Berg, J.H., 2011. Atlas of Sedimentary Structures in Estuarine and
Tidally-Inﬂuenced River Deposits of the Rhine-Meuse-Scheldt System; Their Applica-
tion to the Interpretation of Analogous Outcrop and Subsurface Depositional Systems.
EAGE Publications, Houten (298 pp.).
McCabe, P.J., Jones, C.M., 1977. Formation of reactivation surfaces within superimposed
deltas and bedforms. J. Sediment. Petrol. 47, 707–715.
McKee, E.D., Weir, G.W., 1953. Terminology for stratiﬁcation and cross stratiﬁcation in
sedimentary rocks. Geol. Soc. Am. Bull. 64, 381–390.
McLelland, S.J., Ashworth, P.J., Best, J.L., Roden, J., Klaassen, G.J., 1999. Flow structure and
spatial distribution of suspended sediment around an evolving braid bar, Jamuna
River, Bangladesh. In: Smith, N.D. (Ed.), Fluvial Sedimentology VISpecial Publication
of International Association of Sedimentologists. Blackwells, pp. 43–57.
Miall, A.D., 1996. The Geology of Fluvial Deposits: Sedimentary Facies, Basin Analysis and
Petroleum Geology. Springer-Verlag, Berlin (589 pp.).
Miall, A.D., 2014. Updating uniformitarianism: stratigraphy as just a set of ‘frozen acci-
dents’. Geol. Soc. Lond. Spec. Publ. 404 (1), 11–36.
Middleton, G.V., 1973. Johannes Walther's law of the correlation of facies. Geol. Soc. Am.
Bull. 84 (3), 979–988.
Naqshband, S., Ribberink, J.S., Hurther, D., Hulscher, S.J.M.H., 2014. Bed load and
suspended load contributions to migrating sand dunes in equilibrium. J. Geophys.
Res. Earth Surf. 119 (5), 1043–1063.
Nicholas, A.P., 2013. Morphodynamic diversity of the world's largest rivers. Geology 41
(4), 475–478.
Nittrouer, J.A., Allison, M.A., Campanella, R., 2008. Bedform transport rates for the lower-
most Mississippi River. J. Geophys. Res. Earth Surf. 113 (F3).
Nittrouer, J.A., Shaw, J., Lamb, M.P., Mohrig, D., 2012. Spatial and temporal trends for
water-ﬂow velocity and bed-material sediment transport in the lower Mississippi
river. Geol. Soc. Am. Bull. 124 (3–4), 400–414.
Paola, C., Borgman, L., 1991. Reconstructing random topography from preserved stratiﬁ-
cation. Sedimentology 38, 553–565.
Paola, C., Voller, V.R., 2015. A generalized Exner equation for sediment mass balance.
J. Geophys. Res. 110, F04014.
Parsons, D.R., Best, J., 2013. Bedforms: views and new perspectives from the third interna-
tional workshop on Marine and River Dune Dynamics (MARID3). Earth Surf. Process.
Landf. 38 (3), 319–329.
Parsons, D.R., Best, J.L., Orfeo, O., Hardy, R.J., Kostaschuk, R., Lane, S.N., 2005. Morphology
and ﬂow ﬁelds of three-dimensional dunes, Río Paraná, Argentina: Results from si-
multaneous multibeam echo sounding and acoustic Doppler current proﬁling.
J. Geophys. Res. Earth Surf. 110, F04S03. http://dx.doi.org/10.1029/2004JF000231.
Plink-Björklund, P., 2015. Morphodynamics of rivers strongly affected by monsoon precip-
itation: review of depositional style and forcing factors. Sediment. Geol. 323, 110–147.
Pretious, E.S., Blench, T., 1951. Final Report on Special Observations of Bed Movement in
Lower Fraser River at Ladner Reach During 1950 Freshet. and Till June 1951: Includ-
ing Supplementary Report No 1 to Memorandum Re Special Observations 1950
Freshet. National Research Council of Canada Fraser River Model.
Reesink, A.J.H., Bridge, J.S., 2007. Inﬂuence of superimposed bedforms and ﬂow unsteadi-
ness on formation of cross strata in dunes and unit bars. Sediment. Geol. 202, 281–296.
Reesink, A.J.H., Bridge, J.S., 2009. Inﬂuence of bedform superimposition and ﬂow unstead-
iness on the formation of cross strata in dunes and unit bars—part 2, further experi-
ments. Sediment. Geol. 222, 274–300.
Reesink, A.J.H., Bridge, J.S., 2011. Evidence of bedform superimposition and ﬂow unstead-
iness in unit bar deposits, South Saskatchewan River, Canada. J. Sediment. Res. 81
(11), 814–840.
Reesink, A.J.H., Ashworth, P.J., Sambrook Smith, G.H., Best, J.L., Parsons, D.R., Amsler, M.L.,
Hardy, R.J., Lane, S.N., Nicholas, A.P., Orfeo, O.O., Sandbach, S.D., Simpson, C.J.,
Szupiany, R.N., 2014a. Scales and causes of heterogeneity in bars in a large multi-
channel river: Río Paraná, Argentina. Sedimentology 61 (4), 1055–1085.
Reesink, A.J.H., Parsons, D., Ashworth, P., Hardy, R., Best, J., Unsworth, C., McLelland, S.,
Murphy, B., 2013. The response and hysteresis of alluvial dunes under transient
ﬂow conditions. Marine and River Dunes 2013, Conference Proceedings, pp. 215–220.
Reesink, A.J.H., Parsons, D.R., Thomas, R.E., 2014b. Sediment transport and bedform devel-
opment in the lee of bars: Evidence from ﬁxed- and partially-ﬁxed bed experiments.
River Flow 2014, Conference Proceedings.
Rodrigues, S., Mosselman, E., Claude, N., Wintenberger, C.L., Juge, P., 2014. Alternate bars
in a sandy gravel bed river: generation, migration and interactions with
superimposed dunes. Earth Surf. Process. Landf. 1096–9837 http://dx.doi.org/10.
1002/esp.3657.
Røe, S.L., Hermansen, M., 1993. Processes and products of large, late Precambrian sandy
rivers in northern Norway. Alluvial Sediment. Spec. Publ. Int. Assoc. Sedimentol. 17,
151–166.
Rubin, D.M., 1987. Cross-bedding, Bedforms, and Paleocurrent, V1. SEPM, Tulsa (187 pp.).
Rubin, D.M., Carter, C.L., 2006. Bedforms and cross-bedding in animation. SEPM Atlas Ser.
(2).
Rubin, D.M., Hunter, R.E., 1982. Bedform climbing in theory and nature. Sedimentology
29, 121–138.
Rubin, D.M., McCulloch, D.S., 1980. Single and superimposed bedforms—a synthesis of San
Francisco Bay and ﬂume observations. Sediment. Geol. 26, 207–231.
Rust, B.R., Jones, B.G., 1987. The Hawkesbury Sandstone south of Sydney, Australia: Trias-
sic analogue for the deposit of a large, braided river. J. Sediment. Res. 57, 222–233.
Sadler, P.M., 1981. Sediment accumulation rates and the completeness of stratigraphic
sections. J. Geol. 569–584.
Sadler, P.M., Jerolmack, D.J., 2014. Scaling laws for aggradation, denudation and
progradation rates: the case for time-scale invariance at sediment sources and
sinks. Geol. Soc. Lond., Spec. Publ. 404, SP404-7.
664 A.J.H. Reesink et al. / Earth-Science Reviews 150 (2015) 652–665
Sambrook Smith, G.H., Ashworth, P.J., Best, J.L., Lunt, I.A., Orfeo, O., Parsons, D.R., 2009. The
sedimentology and alluvial architecture of a large braid bar, Río Paraná, Argentina.
J. Sediment. Res. 79 (8), 629–642.
Sambrook Smith, G.H., Ashworth, P.J., Best, J.L., Woodward, J., Simpson, C.J., 2006. The sed-
imentology and alluvial architecture of the sandy braided south Saskatchewan River,
Canada. Sedimentology 53 (2), 413–434.
Sambrook Smith, G.H., Best, J.L., Ashworth, P.J., Fielding, C.R., Goodbred, S.L., Prokocki,
E.W., 2010. Fluvial form inmodern continental sedimentary basins: distributive ﬂuvi-
al systems: comment. Geology 38 (12), e230-e230. http://dx.doi.org/10.1130/
G31507C.1.
Sambrook Smith, G.H., Best, J.L., Leroy, J.Z., Orfeo, O., 2015. The alluvial architecture of a
suspended sediment dominated meandering river: the Rio Bermejo, Argentina. Sed-
imentology (in press).
Schindler, R.J., Parsons, D.R., Ye, L., Hope, J.A., Baas, J.H., Peakall, J., Manning, A.J., Aspden,
R.J., Malarkey, J., Simmons, S., Paterson, D.M., Lichtman, I.D., Davies, A.G., Thorne,
P.D., Bass, S.J., 2015. Sticky stuff: redeﬁning bedform prediction in modern and an-
cient environments. Geology 43 (5), 399–402. http://dx.doi.org/10.1130/G36262.1.
Schumm, S.A., 1977. The Fluvial System 338. Wiley, New York (338 pp.).
Schumm, S.A., 1981. Evolution and response of the ﬂuvial system, sedimentologic impli-
cations. Soc. Econ. Paleontol. Mineral. Spec. Publ. 31, 19–29.
Slingerland, R.L., Williams, E.G., 1979. Paleocurrent analysis in light of trough cross-
stratiﬁcation geometry. J. Geol. 724–732.
Sorby, H.C., 1859. On the structures produced by currents present during the deposition
of stratiﬁed rocks. Geologist 2, 137–147.
Southard, J.B., Boguchwal, L.A., 1990. Bed conﬁgurations in steady unidirectional ﬂows,
part 2. Synthesis of ﬂume data. J. Sediment. Petrol. 60, 658–679.
Storms, J.E., Dam, R.L.V., Leclair, S.F., 1999. Preservation of cross-sets due to migration of
current ripples over aggrading and non-aggrading beds: comparison of experimental
data with theory. Sedimentology 46 (1), 189–200.
Szupiany, R.N., Amsler, M.L., Hernandez, J., Parsons, D.R., Best, J.L., Fornari, E., Trento, A.,
2012. Flow ﬁelds, bed shear stresses, and suspended bed sediment dynamics in bifur-
cations of a large river. Water Resour. Res. 48, W11515. http://dx.doi.org/10.1029/
2011WR011677.
Tidwell, V.C., Wilson, J.L., 2000. Heterogeneity permeability patterns and permeability
upscaling: physical characterization of a block of Massillon sandstone exhibiting
nested scales of heterogeneity. SPE Reserv. Eval. Eng. 3 (04), 283–291.
Tipper, J.C., 2014. The importance of doing nothing: stasis in sedimentation systems and
its stratigraphic effects. Geol. Soc. Lond., Spec. Publ. 404. http://dx.doi.org/10.1144/
SP404.6.
Tuijnder, A.P., Ribberink, J.S., Hulscher, S.J., 2009. An experimental study into the geome-
try of supply‐limited dunes. Sedimentology 56 (6), 1713–1727.
Turner, B.R., Monro, M., 1987. Channel formation and migration by mass-ﬂow processes
in the lower carboniferous ﬂuviatile fell sandstone group, northeast England. Sedi-
mentology 34 (6), 1107–1122.
Tye, R.S., 2004. Geomorphology: an approach to determining subsurface reservoir dimen-
sions. AAPG Bull. 88 (8), 1123–1147.
Van den Berg, J.H., 1987. Bedform migration and bed-load transport in some rivers and
tidal environments. Sedimentology 34 (4), 681–698.
Van den Berg, J.H., Van Gelder, A., 1993. A new bedform stability diagram, with emphasis
on the transition of ripples to plane bed in ﬂows over ﬁne sand and silt. In: Marzo, M.,
Puidefabregas, C. (Eds.), Alluvial Sedimentation. 17, pp. 11–21.
Van den Berg, J.H., Van Gelder, A., Mastbergen, D.R., 2002. The importance of breaching as
a mechanism of subaqueous slope failure in ﬁne sand. Sedimentology 49 (1), 81–95.
Van Rijn, L.C., 1990. Principles of ﬂuid ﬂow and surface waves in rivers, estuaries, seas and
oceans. Aqua Publications, Amsterdam (900 pp.).
Wan, Z., Wang, Z., 1994. Hyperconcentrated Flow. In: Balkema, A.A. (Ed.) Brookﬁeld, VT,
p. 290.
Warmink, J.J., Dohmen-Janssen, C.M., Lansink, J., Naqshband, S., Duin, O.J., Paarlberg, A.J.,
Termes, P., Hulscher, S.J., 2014. Understanding river dune splitting through ﬂume ex-
periments and analysis of a dune evolution model. Earth Surf. Process. Landf. 39 (9),
1208–1220.
Weber, K.J., 1982. Inﬂuence of common sedimentary structures on ﬂuid ﬂow in reservoir
models. J. Pet. Technol. 34 (03), 665–672.
Weissmann, G.S., Hartley, A.J., Nichols, G., Scuderi, L., Olson, M., Buehler, H., Banteah, R.,
2010. Fluvial form inmodern continental sedimentary basins: distributive ﬂuvial sys-
tems. Geology 38 (1), 39–42.
Wilbers, A.W.E., Ten Brinke, W.B.M., 2003. The response of subaqueous dunes to ﬂoods in
sand and gravel bed reaches of the Dutch Rhine. Sedimentology 50 (6), 1013–1034.
Wilkinson, B.H., McElroy, B.J., Kesler, S.E., Peters, S.E., Rothman, E.D., 2009. Global geologic
maps are tectonic speedometers—rates of rock cycling from area-age frequencies.
Geol. Soc. Am. Bull. 121 (5–6), 760–779.
Williams, R.D., Brasington, J., Vericat, D., Hicks, D.M., 2013. Hyperscale terrain modelling
of braided rivers: fusing mobile terrestrial laser scanning and optical bathymetric
mapping. Earth Surf. Process. Landf. http://dx.doi.org/10.1002/esp.3437.
Willis, B.J., 1993a. Ancient river systems in the Himalayan foredeep, Chinji Village area,
northern Pakistan. Sediment. Geol. 88 (1), 1–76.
Willis, B.J., 1993b. Evolution of Miocene ﬂuvial systems in the Himalayan foredeep
through a two kilometer-thick succession in northern Pakistan. Sediment. Geol. 88
(1), 77–121.
Willis, B.J., 1993c. Interpretation of bedding geometry within ancient point-bar deposits.
InMarzo, M. and Puidefabregas, C. Alluvial Sedimentation. IAS Spec. Publ. 17, 101–114.
Yalin, M.S., 1964. Geometrical properties of sand wave. J. Hydraul. Div. 90 (5), 105–119.
665A.J.H. Reesink et al. / Earth-Science Reviews 150 (2015) 652–665
